In this paper we study the effects of hybridization in the superconducting properties of a twoband system. We consider the cases that these bands are formed by electronic orbitals with angular momentum, such that, the hybridization V (k) among them can be symmetric or antisymmetric under inversion symmetry. We take into account only intra-band attractive interactions in the two bands and investigate the appearance of an induced inter-band pairing gap. We show that (interband) superconducting orderings are induced in the total absence of attractive interaction between the two bands, which turns out to be completely dependent on the hybridization between them. For the case of antisymmetric hybridization we show that the induced inter-band superconductivity has a p-wave symmetry.
I. INTRODUCTION
Some materials such as magnesium diboride (MgB 2 ) have unusual superconducting properties as, for example, high transition temperature T c and anomalous specific heat. Recent experimental investigations report the existence of superconductivity at 39 K in MgB 2 [1] . In addition, other experimental studies have indicated that MgB 2 has two distinct superconducting gaps [2] [3] [4] [5] [6] [7] [8] . It has been shown in Ref. [9] , that the MgB 2 Fermi surface (FS) is determined by three orbitals, however only two different BCS gaps are experimentally observed. This happens because two of the three orbitals hybridize with each other and determine one single band, responsible for a large superconducting gap on the σ FS, while the nonhybridized orbital determines a smaller superconducting gap at the π band FS.
Consequently, the number of different gaps that arise in multi-orbital systems is directly related to the level of hybridization among the orbitals present in a given material [10] . In this way it turns out to be clear that hybridization plays an important role in the physics of multi-band superconductors [11] [12] [13] [14] [15] [16] [17] [18] .
Notice that the hybridization can be symmetric or antisymmetric. It has been shown that symmetric (kindependent) hybridization acts in detriment of intraband superconductivity [19, 20] . Surprisingly, it has shown recently that antisymmetric (k-dependent) hybridization enhances superconductivity [21] .
In this paper we study the emergence of an (interband) induced p-wave gap due to the hybridization of two single bands, say a and b. We consider superconducting interactions only inside each band, which will result in intra-band pairing gaps ∆ a and ∆ b , respectively, in these bands. We take into account symmetric and antisymmetric, k-dependent hybridization V (k), and show that the latter produces an odd-parity mixing between the a and b bands, and will be responsible for the p-wave nature of the induced inter-band gap. See Fig. 1 .
Our main interest here is the controlled generation (from conventional s-wave superconductors) of a p-wave pairing gap, motivated by its recent remarkable features. p-wave one-dimensional superconductors have attracted considerable attention since its "discovery" by Kitaev [22, 23] , which demonstrated that this system can host Majorana fermions (or, more precisely, zero energy bound states) at this ends. Due to the fact that the (condensed matter) Majorana fermions are topologically protected and they satisfy a criterion of robustness for use in topological quantum computers, they are promising candidates to act as q-bits [24] . After the application of an antisymmetric hybridization V (k), which may be pressure or doping, these intra-bands s-wave SC still exist, but now they are named c and d since they depend on ∆a, ∆ b , and V (k). Besides, there is the emergence of an induced p-wave SC with pairing gap ∆ cd .
II. MODEL HAMILTONIAN
Here we introduce the system describing the hybridization of s and p-bands. This system can be realized in different scenarios, as in condensed matter or in the cold atom context, where a bipartite lattice with s and porbitals in different sub-lattices hybridize [25, 26] .
We write the Hamiltonian of a 3D effective and generic two-band superconductor model in second quantization
The operator a † kσ creates an electron in band a with momentum k and spin σ, and similarly for band b. The kinetic energy is given by the band dispersions ε η = k 2 2mη − µ η , where η = a, b, with m η denoting the electron mass. g a and g b are the coupling constants of the electrons in the respective bands.
In order to guarantee homogeneous equilibrium, all electrons occupying different bands have the same chemical potential µ. Thus, we can define an effective chemical potential of the electrons in bands a and b as µ η = µ+E η . The constants E η are the bottom of the specific band η.
A finite single-particle band scattering, or hybridization, V (k) ≡ V k , has been considered several times in the literature as, for instance, in [10, 27, 28] .
The "original" (i.e., before the actuation of V k ) superconducting intra-band mean-field order parameters are ∆ a,b . It will be assumed here, as usual, spin-singlet, regular s-wave superconducting states. However, the methods employed here could be generalized to other kinds of intra-band pairing.
Diagonalization of the kinetic energy, considering a finite V k , gives a Hamiltonian with diagonal bands c and d, however now exhibiting both intra-band superconducting order parameters ∆ c and ∆ d and inter-band order parameters ∆ cd and ∆ dc :
. In the above equation, we have defined
where
Notice that ∆ c (
This gap corresponds to the one derived in [28] . However, an antisymmetric hybridization,
Besides being antisymmetric, a pure imaginary hy-
(such the one that arises in one-dimension), where γ again denotes the strength of the hybridization, implies in
where we defined δε =
, since we consider the same mass for the electrons in the bands a and b, m a = m b .
As we pointed out earlier, the (induced) inter-band pairing gaps vanish for V k = 0 (i.e., in the absence of hybridization), in which case the bands behave as completely two independent ones. Besides, it is also intriguing to note that this induced inter-band pairing gap will not emerge in the case the gaps in the non-interacting bands have the same magnitude i.e., ∆ a (k) = ∆ b (k), no matter how strong the strength the hybridization is. It is also worth to observe that the pairing gaps in Eq. (8) are of p-wave type, due to the antisymmetric character of V k .
The gaps in Eq. (8) should be compared with similar pwave pairing gaps derived in the setups proposed in [29] , where a semiconductor quantum well coupled to an swave superconductor and a ferromagnetic insulator, and an alternative one [30] , in which a topological superconducting phase is driven by applying an in-plane magnetic field to a 110-grown semiconductor coupled only to an s-wave superconductor.
In order to make a more concrete comparison between the (induced) p-wave gaps, the one obtained here resulting from the hybridization of the a and b bands, and the one obtained in the one-band model with spin-orbit (SO) coupling, but with a magnetic field raising the degenerescence between the up and down electrons [29, 30] , we drop one of the bands, say the b-band for instance. Since we are in a one band problem now, we identify δε 2 as an (external) Zeeman magnetic field V z responsible for raising the degeneracy between the spin-up and spin-down pairing species, to obtain
which is the expression for the (intra-band) induced by SO coupling p-wave pairing gap derived in [30] .
III. GAP EQUATIONS WITH SYMMETRIC HYBRIDIZATION
The Hamiltonian in Eq. (1) can be rewritten in the
T as:
with
This Hamiltonian can be diagonalized as
is the creation (annihilation) operator for the quasiparticles with excitation spectra
where we have defined
The other two quasiparticles energies are E k,3 = −E k,1 and E k,4 = −E k,2 . If we take the order parameters and the hybridization as real terms, the previous equation can be simplified as
It is worth to notice that ∆ It is very easy to verify that when V k = 0 we obtain
, which are the quasiparticle dispersions of two independent BCS superconductors, as it should be.
In the case of only interband interaction V k , with ∆ a = ∆ b = 0, the quasiparticles energies are written as
. Another immediate result is that of bands with equal gap parameters, ∆ a = ∆ b = ∆, in which case, from Eq. (14) one finds
Although this case is not of particular interest in this work 1 , for the sake of completeness we will obtain below the gap equation and critical temperature for such a system.
It is straightforward to write down the grand ther-
For the case we are considering now, of two hybridized bands with gap parameters with the same magnitude, we have
from which we obtain the gap equation
1 As we have seen in the previous subsection, bands having gap parameters with the same magnitude do not allow the emergence of (induced) p-wave pairing gaps, which is our main aim here.
At the critical temperature T c , ∆ = 0, and the above equation turns out to be
To solve Eq. (20) analytically, we consider the case where ε a (k) ≈ ε b (k), in which case we obtain ε 1,2 (k) ≈ ε + (k)±V , where we consider the hybridization is constant and equal to V . With this approximation, the gap equation can be written as
where λ ≡ gρ(0), ω D is the Debye frequency and ρ(0) is the density of states at the Fermi level. Then we find
which is valid for ε − (k) ≈ 0 and V < ω D . This equation reveals the existence of a critical hybridization V c = ω D at which superconductivity is disrupted. When the symmetric (and constant) hybridization between the bands is of the order of the energy scale of the phonons responsible for pairing, superconductivity is completely destroyed [32] . Turning now to the general case, minimizing Ω in Eq. (17) with respect to the gaps ∆ a and ∆ b respectively, gives
and
From here now we concentrate in obtaining the zero temperature gaps. Eqs (23) and (24) at zero T read,
In order to integrate Eqs. (B5) we verified that after some simple algebra (see (A1) to (A3)) the momentum dependent terms in Eq. (14) can be written as
where we have defined 
where λ a ≡ g a ρ(0), λ b ≡ g b ρ(0), with ρ(0) = m 2π 2 k F and ω is an energy cutoff. Here k F = √ 2mμ is the Fermi momentum. In the above equations we have taken a symmetric hybridization V k = γk 2 , where γ is the strength of the hybridization, and
Thus, V ξ = 2mγ(μ + ξ). The "quasiparticle energies" now read
Besides,
, and
Notice that Eqs. (28) as well as Eqs. (29) are symmetric under the (simultaneous) transformation ∆ a → −∆ a and
Notice also that the trivial solutions ∆ a = 0 and ∆ b = 0 are solutions of the gap equations in Eqs. (28) . Taking ∆ a = 0 in the first equation, and ∆ b = 0 in the second one, these equations give, respectively
Since V 2 ξ = 0, and
ξ |, the only solution is ∆ a = 0 and ∆ b = 0. This fact will be evident below, in the numerical evaluation of the gap equations as a function of the hybridization.
Defining now the non-dimensional variables x = ξ/E F , ∆ a,b = ∆ a,b /E F ,δµ = δµ/E F ,μ =μ/E F , and
is the Fermi energy. Defining also a non-dimensional (for the case of the symmetric hybridization we are considering) hybridization parameter α ≡ 2mγ, we haveṼ
Thus, the gap equations in (28) are rewritten as
Given g a and g b , Eqs. (31) have to be solved selfconsistently to find the gaps ∆ a and ∆ b .
In Fig. (2) we show the gaps a and b as a function of α. The curves are the self-consistent solutions of Eq. (28) . From these curves we can also see that there exists a critical hybridization at which the two gaps vanish.
Notice that as α approaches its critical value, ∆ a ≈ ∆ b ≡ ∆(α), where ∆(α) is the solution of the equation
where E ξ,1,2 = (V ξ ± ξ) 2 + ∆ 2 , and V ξ = α(μ+ξ). The integration is straightforward and yields
The limit α → 0 gives the well known standard BCS result ∆(0) = 2ωe −1/λ , as expected. It is also instructive to find the gap which is solution of Eq. (32) for the case of two bands hybridized by a constant hybridization V ξ = V ,
As we found earlier, this equation also reveals a critical value for a constant hybridization between the bands, at which superconductivity vanishes, that is the energy cutoff, namely V c = ω. Equation (32) also gives α c , the critical α at which ∆ vanishes, which is the solution of where V ξ (α c ) = α c (μ + ξ). After integration of the above equation we define now a function f (α) given by
The zeros of f (α) are the respective α c . Eq. (32), and hence (36), are valid close to α c . As seen from Fig. 2 α c is close to 1. The behavior of f (α) in Fig. 3 shows that α c ≈ 1.08, which agrees with the value shown in Fig. 2 .
IV. GAP EQUATIONS WITH ANTISYMMETRIC HYBRIDIZATION
We can use the same procedure developed in the previous section, but for antisymmetric hybridization, V −k = −V k . The Hamiltonian in Eq. (1) can be rewritten in the
T as: with
Diagonalizing the Hamiltonian (37), we can write
where, α † k,1,2 (α k,1,2 ) is the creation (annihilation) operator for the quasiparticles with excitation spectra
The other two quasiparticles energies are E k,3 = −E k,1 and E k,4 = −E k,2 . We assume without loss of generality that the order parameters ∆ a and ∆ b are real. Since the antisymmetric hybridization V k has to be purely imaginary to preserve time reversal symmetry, the term
So the previous equation can be simplified as
The zero temperature gap equations are given by Eqs. (B7) and (B8). Making the same change of variables, as we did in the case of symmetric hybridization, we obtain E ξ,1,2 = 1 2
As we mentioned before, we take a pure imaginary anti-
So we can define the non-dimensional hybridization parameter for antisymmetric hybridization α = 2mγ
2 /E F , such that |V k | 2 = α(ξ +μ). Then, as we did in the case of symmetric hybridization, the gap equations in terms of the non-dimensional variable x are written as
where In Fig. (4) the two gaps a and b are shown as a function of the hybridization parameter α = 2mγ
2 /E F for the antisymmetric hybridization we are considering. The curves are the (self-consistent) solutions of Eq. (42).
V. SUMMARY AND CONCLUSIONS
We have investigated the consequences of a symmetric and antisymmetric hybridization V (k) in the superconducting properties of a two-band system. We consider that these bands are formed by electronic orbitals with angular momenta, such that, their hybridization can be symmetric or antisymmetric. We have taken into account only intra-band attractive interactions in the two bands, responsible for (intra-band) s-wave pairing gaps ∆ a and ∆ b , and investigate the appearance of induced inter-band pairing gaps in the system. A symmetric hybridization such that V (−k) = V (k) leads to an induced symmetric inter-band pairing gap ∆ cd . As expected, a symmetric V (k) is deleterious for superconductivity, leading to the vanishing of both inter and intra-band gaps as the strength of the hybridization increases and reaches a critical value α c . The induced gap for this symmetric hybridization is small since the gaps approach each other as the hybridization is increased, and vanishes at α c . It is worth to remember here that the induced pairing gaps for symmetric and antisymmetric hybridization depend on the difference ∆ b − ∆ a .
The scenario is quantitatively and qualitatively changed in the presence of an antisymmetric hybridization satisfying V (−k) = −V (k), which is responsible for the emergence of an induced inter-band p-wave pairing gap ∆ cd in the two-band system. In this case the original intra-band gaps gaps ∆ a and ∆ b remain relatively far from each other, behaving almost as reflected parabolas. The two gaps will eventually vanish as the strength of the antisymmetric hybridization is increased up to a critical value α c which is the order of the cutoff energy.
We have also shown that the (interband) superconducting orderings are induced in the total absence of superconducting interaction between the two bands, which is, then, completely dependent on the hybridization between them. This fact makes the hybridization in a twoband system a fundamental ingredient in the obtention of spin-triplet p-wave pairing gaps. Induced p-wave pairing gaps became important in the context of Majorana fermions since the models proposed for their experimental realization. The hybridizationinduced (HI) spin-triplet p-wave pair field ∆ cd studied here avoids the main problem of the SO-induced p-wave gaps. The SO p-wave gaps rely on the application of an in-plane magnetic Zeeman field to a semiconductor quantum well coupled to an s-wave superconductor. If the Zeeman field is large, compared to the induced gap, the topological phase is destroyed [30] . Since the HI pwave do not need a Zeeman field, the experimental setup for its realization turns out to be relatively simpler than the SO-induced ones. Based on the fact that hybridization can be tuned by external parameters, such as pressure or doping, the "production" of an induced p-wave gap with some desired characteristics can, in this way, be controlled.
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Appendix A: Change of Variables
Beginning with the single-particle dispersion relations
Plugging ε a (k) 2 = ε b (k) 2 + 4δµξ k from the above equation in the equation below, we have 
Taking the derivatives of the quasiparticle energies given by Eq. (14) with respect to ∆ a and ∆ b , we obtain
. Substituting the partial derivatives derived in Eqs (B3) and (B4) in the gap equations, and integrating over the angles, yields
Notice that from the equations above for V k = 0 we obtain the particular case,
, where E k,1,2 = ε a,b (k) 2 + ∆ 2 a,b . These are, of course, the gap equations of two independent "conventional superconductors" of BCS type. Observe also that in order to have the strict BCS result, besides setting ε a (k) = ε b (k), and ∆ a = ∆ b in the above equations, in light of Eq. (17) to Eq. (21) we have to add these two equations, respecting 1/g a + 1/g b = 1/g.
b. Antisymmetric Hybridization
The gap equations, as before, are
where, with the quasiparticle energies given by Eq. (41), we obtain
